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ABSTRACT

The transport propertiesof channel delta-dopedquantumwell structures were characterizedby

conventionalHall effect and light-modulatedShubnikov-deHaas (SdH) effect measurements.

The large number of carriersthat become availabledue to the delta-dopingof the channel,leads

to an apparent degeneracy in the well. As a result of this degeneracy, the carrier mobilityremains

constant as a function of temperature from 300K down to 1.4K. The large amount of impurity

scattering, associated with the overlapof the charge carriers and the dopants, resulted in low

cartier mobilities and restrictedthe observationof the oscillatorymagneto-resistanceused to

characterizethe two-dimensionalelectron gas (2DEG) by conventionalSdH measurements. By

light-modulatingthe carriers, we were ableto observe the SdH oscillationat low magneticfields,

below 1.4tesla, and derivea value for the quantumscattering time. Our results for the ratio of

the transport and quantum scatteringtimes are lower than those previouslymeasured for similar

structures using much highermagneticfields.
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I. Introduction

Increasingtheamountofcarderconcentrationparticipatinginchargetransportleadstoan
increaseinthecurrentdensityandultimatelytoanincreaseinthepowerhandlingcapabilityofa

transistordevicet. Intypicalhighelectronmobilitytransistor(HEMT)structures,thedopant
impuritiesareseparatedfromthechargecardersinthewellbyanundopedspacerlayer.The

spatialseparationleadstOreducedimpurityscatteringandenhancedlow-fieldmobilitiesforthe

chargecarders.Thespacerlayerhowever,alsolimitstheamountofcarrierstransferredto the

quantumwellandresultsinincompletechargetransfer2. Thelargerthespacerlayer,thesmaller

thenumberofcarderstransferredto thequantumwelltoparticipateintwodimensionaltransport.
Thisresultsina limitedpowerhandlingcapabilityfortheHEMTdevice.

Originallyitwasalsobelievedthatthehightransconductancesobservedina HEMT

structureweredueentirelyto theenhancedlow-fieldmobilitiesof thechargecarders.However,

asevidencebytheliterature,it isnotclearwhethertheserecordmobilitiestranslatedirectlyto

enhancedhighfrequencyperformanceorif itisa secondaryeffect3'4. Toobtainimprovedhigh
_equencyperformanceina transistor,onehastolimitthetransittimethroughthedevice.This

canbeachievedbyeitherdecreasingthegatelengthorbyincreasingthevelocityofthecarriers5.

As thegate length begins to decrease, the electricfieldunderthegate increases. At thispoint it is

no longer the lowfieldmobilitythatlimitsthetransistorperformancebutthehigh fieldvelocity.

Forthesestructuresithasbeenshownthatathighelectricfieldsthecardermobilitydrops

considerablyand it isthevelocity ofthecardersthatdeterminesthefrequencyresponseofthe

device. In this ease, the extremelyhigh electronmobilitiesobtained atlowelectricfieldshave

only a secondaryeffectontransistordeviceperformance. Thisis furtherillustratedbyan

observedenhancementof:the high frequencyresponseina HEMTstructureby reducing the

spacerlayerwidththoughthisreducesthecardermobility_. Thesefindingssuggestthatthe

frequencyperformanceofa transistordevicemaybemoredependantonthechargeconcentration

thanonthelow-fieldmobility.

Inthisstudy we considerseveralquantumwell structureswherethedoping hasbeen

introduced in the centerofthechannellayer. The physicalquantumwellconsistsofa smaller

bandgap semiconductor, lessthan150/_wide, surroundedonbothsides bya larger bandgap
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material. For these structures, the dopants and the chargecarders occupythe sameregion within

the channelofthe device. Since the dopant impuritiesare in the well,very large carrier

concentrationsare possible in these structures. As a result,two-dimensionalcarrier

concentrations ofup to 2x1013/cm2havebeen measuredin these quantumwellstructures_. While

the measured charge concentration in these structures is very large_the mobilityof the carders is

low due to a significantamount of impurityscattering. In these structures, the carriersoverlap

with the ionized impuritiesand as a result experiencea largeamount of scattering.

The low carrier mobilityobserved for these structures restrictsthe measurementof the

oscillatorymagneto-resistance(or Shubnikov-deHaas effect)used to characterizethe two-

dimensionalproperties of the quantumwell. For these structures, the amplitudeof the oscillatory

magneto-resistanceis smalland undeteetableby the conventionalShubnikov-deHaas (SdH)

measurementdue to broadeningof the Landau levels. In this case, very high magneticfieldsare

required to characterizethe transport properties of the elgenstatesusing conventionalSdH

techniquess'9. In this paper we demonstrate and present results of an alternativeapproach to

determinethe transport properties ofthe two-dimensionalelectrongas (2DEG) channeldoped

structures using a light-modulationtechnique that allowsthe characterizationat relativelylow

magnetic fields. The light-modulatedSdHtechniquehasbeen discussedin detail in a previous

paper1°. The technique consists of illuminatingthe samplewith a low intensitylaser, in this ease a

titanium-sapphire(Ti:Sa) laser. The beamis modulatedviaa chopperwhichin turn leads to a

modulationof the carders in the sample. The longitudinalvoltage is measuredby a lock-in

amplifierwith the referencesignalobtained from the chopper. It is this modulationof the carders

that drasticallyenhancesthe SdH pattern. Usingthis techniqueand digitalfilteringto separate the

componentsof the waveform,we report on a value of the quantumscattering time obtainedat

low magneticfieldsavoidinglocalization effectsprevalentat highermagneticfields"'t2.

The quantum scattering time should not be confusedwith the transport scattering time.

The transport scattering time, "it,also known as the momentumrelaxationtime, is the time

between scatteringevents that randomizethe directionof the charge carders. This parameter is

obtainedfrom the carder mobilityderivedfrom theHall effectmeasurementand is readily

available. On the other hand, the quantum scatteringtime, l:q,sometimesreferredto as the



quantumrelaxationtime, is associatedwiththe broadeningof theLandaulevel. Thisparameteris

the relaxationtimewithinwhich the energystateera discretelevelcanbe defined. A valuefor zq

is obtainedfromthe amplitudedependenceof the SdHwaveformasa functionof magneticfield.

TemperaturedependentHalleffect measurementswerealsocarriedoutto investigatethe

s_ttering mechani'smactingon the carriers.Fromthe datait is clearthatthe large doping

concentrationsin the channelregionleadto anapparentdegeneracyof the 2DEG. This

degeneracyresultsin atemperatureindependenceof both the cardermobilityand carrier

concentration.The temperatureindependencewas observedfrom300K downto 1.4K. Based on

these results,we proposedandfabricateda fieldeffecttransistor(FET)thathaddevice

characteristicsthat remainedconstantas afunctionof temperature.Thisdeviceandits transistor

•pe.rfonnanceare discussedindetailinanotherpapert3. Forthis bET, the gainremainedconstant

as the temperaturewas loweredfrom 300K to 70K. Thisis unlikeatypicalHEMTstructure

where the gainincreasesas the temperatureis lowered. Thisoccursdueto lower electron

scatteringwhile the carrierconcentrationchangesverylittleinthe 2DEG.

IL Sample Structures

A crosssectionalview of the structuresusedinthis investigationis shown in Figure1.

The physicalquantumwell in these structureswas formedbyplacinga 150/_smallbandgap

semiconductorbetweentwo largerbandgapmaterials. Delta-dopingof the structureswas carded

out in the centerofthe smallerbandgapmaterial.The physicalquantumwellresultsinimproved

carderconfinementandimprovedoutputconductancein a transistordevice. All of the structures

were grownusingmolecularbeamepitaxy(MBE). StructureQ13 consistedera C.mAschannel

layerSi delta-dopedinthe centerto a nominalvalueof 1.8x1012/cm2. The channellayerwas

surroundedon the top andbottomby anundopedAlojGao.TAslayer. Dopingof the GaAslayer

insteadof the A10.3Gao.TAslimitsthe effectof persistentphotoconductivity0aPC). This effecthas

beenlinkedto the silicondopingof AIGaAsandthe generationof deepenergystatesknownas

DX centers14.Dopingof the GaAslayeralsolimitsthe effectof parallelconductionIs. For these

structures,transportoccursprimarilyin the channelandnot inone ofthe surroundinglayers. A

350,_ highlydopedGaAslayerwas grownon the top surfaceof this structureto improvecontact
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resistance. This layer is etchedaway duringgate recessingfor transistor device fabrication.

Structure Q14 was identicalto structure Q13 except that the channellayerwas Si delta-dopedto

a nominalvalue of6xl01_/cm2. The differentdopant concentrationswere used to determinethe

e,fleet 0fthe dopant concentrationlevel on the parametrictemperature dependance.

Finally,Structure Q15 consistedofa psuedomorphicIno.15Gao.ssAschannel surroundedon

both sidesby undoped Al0._Gao.TAslayers. The InGaAs channellayer was Si delta-doped in the

center to a nominalvalue of 6xl0t'/cm 2. Similarto the previous two structures,a highlydoped

GaAs layer was grown on the top surfacefor contact resistivitypurposes.

liT_Theory and Experiment

The electronicbandstructure for each samplewas analyzedthrough a self-consistent

solution of the Poisson and Schrodingerequations. In Figures 2a,b and e we show the conduction

band as a function of depth for structures Q13, Q14, and Q15 respectively. We findthat for the

higher doped structures, Q14 andQ15, the band bendingthat results from the large doping

concentration is considerablylargerthan what is observedfor the lower doped sample. In fact,

the electrostaticpotential, associated with the band bendingin the larger doped samples,leads to

a quantizationof an eigenstate. For the lower doped sample,quantization is due entirelyto the

physical A10__Gao.TAs/GaAs/A]o.3Gao.TAsquantumwell. The two higherdoped sampleshave a

second eigenstate also associated with the heterojunctionbarriers. As expected, the ground state

energy level of the A10.3Gao.TAs/Ino.lsGao.85As/A10.3Gao.TAsstructure Q15, is lower than that of the

s'nnilarlydoped Alo.3Gao.TAs/GaAs/Alo.3Gao._AsstructureQ14. This is due to a larger bandgap

discontinuityat the Alo.3Gao.TAs/Ino._sGao.ssAsheterojunetioncompared with the

AIo__G%.TAs/GaAsinterface. The ground subbandenergylevel for structure Q15 is

approximately56 meV lower than that of structure Q14. The differenceis even greater compared

with the lower doped sampleQ13 which is approximately146meV. The large value of the

eigenstate energiesrelativeto the Fermi level result in a temperature independenceof the carrier

mobilityand carrier concentration in the 2DEG. This is discussedfurther in the followingsection.

The two-dimensionalproperties of the carriersin the quantumwell were investigatedby

light-modulatedSdH measurements. Developedby Schachamet al._°,the technique consistsof



injectinga light source onto the samplesurfacein order to modulatethe carriers inside the

quantumwell. The experimentalsetup is a conventionalSdHmeasurementwith an additional

lock-in amplifierand a chopped laser. The injectedlightbeam is modulatedby the chopper which

in turn leads to a modulation of the carriersin the sample. The longitudinalvoltage is measured

bya lock-in ampl!fierwith the referencesignalobtained from the chopper. It is this modulationof

the carriers thatdrasticallyenhancesthe SdH pattern. The theorybehindthis amplitude

enhancement of the oscillatoryamplitudeis as follows.

The oscillatoryresistivityAp=for a two subbandsystem is givenby the following

expression_6

Ap=
- A l Ag----Ll+,4z Ag2 +Blz AgIAg2 , (1)

Po go go go2

where gois the zero-fielddensityof states, AI and A2are theamplitudesof oscillationsfor the

ground and first excited subbandsrespectively,and B_2represents the intermodulationterm.

Describingthe broadening of the Landau levelsdue to scatteringby a Lorentzian of half-widthP,

the oscillatorydensity of states, Ag_,canbe written as a Fourierexpansion

7 ,

where ¢q (= _/21") is the quantum scattering time, DT(X) = X/sinh(X) with X = 2_2kT_co,, and

I=1,2 denotes the different subbands. For the above expression k is Boltzmann's constant, T is

temperature, and o,, is the cyclotron frequency, oc = qB/m*. The change in the oscillatory

resistivity due to modulation of the carriers is obtained from the derivative of equation (1) with

respect to the concentration in the subbands, nI and n2. The derivatives of equation (1) with

respect to nl and n2 are given by
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Po) a., go)..o. go go)a.,j
(3))

The totalchangein the oscillatoryresistivitydue to light-modulationis obtainedfrom thesum of

equations(3) and (4) andis givenby

8AP=-8!_P=I 8_P=2+ (s)
Po Po Po

The excess concentrationgenerated through illumination,8nr, is distributed between the two

subbands8n_and 8n2. The enhancementof the oscillationoccurs through the multiplicationof

the oscillationamplitudeby the excess cartier concentration,8n_and 8n2. Since the concentration

in each eigenstate increasesas a functionof illumination,the amplitudeof each of the subbands

increasesproportionately.

A further enhancementof the SdH oscUlationoccursthrough the derivativeof the density

ofstates. The derivativeis givenby

a--_-,=2g°D_(x)exp,,,o.:_,,,,::,_. cos qB '_ qB t qB: ..(6)



where we have taken only the firstFouriercomponents = 1 to describethe oscillations. Sinceto,

= qB/m*,both terms in the square brackets are multipliedby the inverseof the magneticfield,

1/B. This leads to a considerableenhancementof the oscillationsat low magneticfields. It is this

experimentalderivativeeffect that enablesthe observationof the SdH oscillationsat much lower

magneticfieldsas compared to the conventionalmeasurementtechnique.

A finalenhancementof the oscillatoryamplitudeoccurs through the derivativeof the

quantum scattering time. As the concentrationin the well is increasedby illumination,1;q

increasessharply due to a gain in the electron's energywhichreduces localizationeffects (i.e.,

resonant scattering)17'1s.The overall enhancementof the SdH waveformthrough light-modulation

shouldbe compared with the techniqueof differentiatingwith respect to the magnetic field19.

Taking the derivativewith respect to B results in a multiplicationof the oscillationamplitudeby

the carder concentrationin the subbands,ni. This is differentfrom the light-modulationtechnique

where the waveformis multipliedby the excess carder concentration. For the case of magnetic

field differentiation,since nl>>n2,that techniquegreatly enhancesthe signaldue to the ground
subband.

IV. Results and Discussion

Hall bars were fabricatedon the three samplesandthe carder mobUitiesand

concentrationswere measuredasa functionof temperatureforeachstructure. The resultsare

shown inFigure3. Fromthe figure we see thatforthe two higherdopedsamplesQ14 andQ15,

the mobilityremainsconstantthroughout the temperaturerange. Forthe lower dopedsample,

Q13, there is avery slightdecreaseinthe mobilitybelow 125K. The factthatthe mobility

remainsconstantfor the two higherdopedstructuresanddropsonlyslightlyforthe lowerdoped

structurewould suggest a reducedrole for the temperaturedependenceinimpurityscattering.

Fornondegeneratelydopedstructures,where the dominantscatteringmechanismis due to

impurityscattering,the low fieldmobilityis proportionalto T_, Thisequationisvalid for

temperaturesbelow 100K. Below thistemperature,the thermalenergygovernsthe Coulomb

interactionbetweenthe carders andthe chargedions. As the temperatureis lowered,the atoms

of the coolerlatticeareless agitatedandlatticescatteringis less important;however, the thermal
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motionofthe carders is also slower. Sincea slowlymovingcarder is likelyto be scattered more

.stronglyby an interactionwith a charge ion than is a carderwith greater momentum,impurity

scatteringevents cause a drop in mobilitywith decreasingtemperature.

In degeneratelydoped semiconductors,as is the case in our samples,the carders in the

quantumwellwill havea kinetic energyorders of magnitude largerthan the thermalenergy. The

kineticenergy of the carders is givenby the differencebetween the Fermi energy,F_, and the

eigenstate energyof the occupied subband,E,. For structure Q15, the calculatedeigenstate

energy of the ground subbandrelative to the Fermi levelis equal to 190meV. At a temperature of

4K the thermalenergy of the carders is equal to kaT/q = .344meV. Even at 300K, the thermal

energyis only equalto 25.gmeV which is muchsmallerthan the calculatedkineticenergy of the

carriers. The samewas trueof the two other structures. Thus in these degeneratesystems,the

temperatureindependentFermivelocity is much larger than the thermalvelocityand the mobility

is expected to remain constant throughout the temperature range as was evident in our structures.

FromFigure 3 we see that the carder concentrationalso remainedconstant as a functionof

temperaturefor the three structuresdue to the degeneracy.

Followingthe Halleffect analysis,the two-dimensionalproperties of the carders insidethe

quantumwellwere then investigatedby light-modulatedSdH measurements. Sincethe doping

was introduced in the GaAs channellayer and not the AIGaAsbarrierlayerwhere DX centers can

be generated:0 the three sampleshad only a negligibleamount of persistent photoconductivity

(PPC). Ofthe three, only the lower doped GaAs channelstructurehad an apparent increasein the

concentrationdue to photoconductivity(PC). For this sample,the concentration increased

apprbximatelyby 10% aiderillumination. Once the illuminationwas removed,.thephotogenerated

carriersrecombinedand the carder concentration returned to its zero illuminationvalue. The

structureswere illuminatedusing a variablewavelengthtitanium-sapphire(Ti:Sa) laser operating

in the visibleregion. As was indicatedearlier, the light-modulatedSdH technique is based on

measuringthe change in the magneto-resistancedue to carrier generationby a modulated light

source. Because only the lower doped sampleshowedany apparent increase in concentration

with illuminationat the avaiiablelaser intensity,the light-modulatedSdH measurementwas

carded out only on this sample. The differencein the measured cartier concentrationsfor the
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lower dopedsampleandthe two higherdoped samplesis significant,2x1012/cm2versus

9x1012/cm2.Thereforeto obtainthe same increaseinthe excess concentrationas observedinthe

lowerdopedsample,the higherdopedsampleshave to be illuminatedwith a largerintensitylight

source. Onehasto be carefulthoughto maintaina low opticalinjectionlevelwhere the transport

mechanismis ordyperturbedandnotcompletelyalteredas in the photo-Halleffect
measurement21.

ShowninFigure4 is the longitudinalvoltageas a functionof magneticfieldfor the lower

dopedGaAschannelsamplepriorto light-modulationat 4K. We see fromthe figurethatthe

measuredlongitudinalvoltagedecreasesonlyslightlyas a functionof magneticfield. Fromthis

lack ofraagneto-resistanceinthe curve,we canconcludethatmostof the carriersare foundin a

s'mgleconductionpath, inthis case, the quantumwell region. Also from the figurewe see that

even at the largestmagneticfield, 1.4T,there is no evidenceof anoscillatorymagneto-resistance

associatedwiththe SdHeffect. Observationof the SdHoscillationsin a conventional

measurementrequiresthatthe thermalenergybroadening,kT, andthe scattering-inducedenergy

broadening,_/Zq,be smallerthanthe Landaulevel spacingin the quantumwell,_1_€-This

requiresthatthe SdHmeasurementbe carriedout atlow temperaturesandthatthe mobilityof the

samplebe relativelyhighzz. The upperlimitof the temperatureis dictatedby 'a_>kT which

translatesto T<l.3B/(m*/mo)kelvin. The limiton the mobilityis determinedfrom_coc>_/zqand

is equivalentto 1_>104/B(cm2/V.s)whereB is in tesla. The limiton I_was obtainedby assuming

that the quantumscatteringtime is equalto the transportscatteringtime,% andusingthe well

knownrelationli = q<_t>/m*. Whenthese conditionsonthe temperatureand mobilityarenot

met, the amplitudeof the oscillationis smallandvirtuallyundetectablebythe conventionalSdH

technique. However,by light-modulatingthe carders,the SdHwavef0rmis greatlyenhanceddue

to the differentiationandmultiplicationof the oscillationby the excess carderdensityin the well.

In Figure5a, we show the SdHwaveformobtainedbylight-modulatingthe carderswith a low

intensityTi'.Salaser. Here, the longitudinalvoltage is plottedas a functionof magneticfieldfrom

1lkG to 14kG. The oscillationobservedin thiswaveformcorrespondsto the groundsubband

andconfirmsthe two dimensionalityof the chargecarders. InFigure 5b, the waveformwas

digitallyfilteredwith a bandpassfilterto removeboth the high-frequencynoiseandthe DC
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component associatedwith background subtractionandzero magnetic fidd normalization. From

the period of the oscillationswe can obtain an accurate value ofthe carrier concentration for each

of the occupied subbands. A fast Fourier transform(FFr) of the oscillationsfor both the ground

and first excited subbands yieldsa two dimensionalconcentrationof 2.lx1012/cm2and

5.3xl0U/cm2respectively. The sum of these concentrationscoincideswellwith our Hall

measured value of2.7xl 0t2/em2.

From the oscillatory componentof the SdH waveformwe can also obtain a value ofthe

quantumscattering time. Both the quantum and transport scattering times providea measureof

the scattering effects or the meanfree time between collisions. The transport scattering time, %

corresponds to the electric fieldresponse and is derivedfrom the Boltzrnannequation and Drude

relations. In this ease, xt is weightedby a factor of(I-cos0) and is determined mostlyby large

angle scattering. The resultant mobilityis related to the average over the entire electron

distribution and is given by the equation noted earlier, la= q<l:t>/m*. A value of this scattering

time is obtainedexperimentallyby a measurementofthe driRor Hallmobility. Unlike% the

quantum scattering time effectivelymeasuresthe entire collisioncross section. For a discrete

level, the broadened Landau levelwidth F, as determinedfrom the uncertaintyprinciple,is given

by =/2r.
Thequantumscatteringtimecanbeobtainedfromthehalf-widthofthe_-ramplitude

peakoftheSdHwaveform_.However,thevalueof'r_derivedusingthistechniquedependstoa

largeextentontherangeofmagneticfieldandthenumberofdatapointsusedintheFF'f.A

morecommonapproachisbasedonthemagneticfidddel_endenceoftheamplitudeoftheSdI-I

oscillation.Thequantumscatteringtimeisobtainedbyaleast-squaresfitoftheamplitudeofthe

oscillationpeaksatafixedtemperature.TheSdH waveformisfittotheexpressionforthe

oscillatorymagneto-resistanceshowninequation(2)usingonlythefirstFouriercomponent,s--l,

and replacingthe zero-fielddensityof states, go,with (Cta_ r,_/(l+ ta_r,2)where C is a constant

of the equationt4. Severalother pre-factors havebeen suggested in the literature24'2s.However,

we have found that the numericalvalue of the quantumscattering time derivedfrom the fit

depends very little on this parameter. For the least-squaresfit we use a value of the transport

scattering time obtained directly from the Hallmeasurement. This value of 1:t maybe different for
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each of the subbands. Thevalue obtainedfromthe measurementis therefore an effectivevalue of

1:,for the two populated subbands.

For the low doped Gabs channel structure, we obtaineda value of 0.8xl0 ":3(see) for "q.

Usingthis value, a best fit of the oscillatorydata obtainedbythe light-modulatedSdH

measurementto equation (2) yieldsan approximatevalue of 2.2x10":3(see) for the ground

subband quantum scatteringtime. The ratio of the two scatteringparameters, l:t/l:q,is equal to

0.36. A ratio of'q/l:qbetween 0.5 and 1.0 is indicativeofisotropie short range scatteringfor

which the scattering cross section is independentof angle. The lower value of'q/l:qobserved for

this structure could be attributedto a possiblebaekseatteringof the carders by ionized impurities

insidethe quantum well_6.Ourresults differ to those of Harris et al.:,where very large magnetic

fieldswere used to obtain a value of the quantum scatteringtime for a similarchanneldelta-doped

structure. Their magneto-transport measurementswere carded out to 8T compared with 1.4T

used in this investigation. They obtain a value of 2.0 for the ratio ofthe scatteringtimes. The

differencein the two ratios maybe due to a magnetic-fielddependenceof the scatteringcross-

section. As the magneticfield is increased, the cyclotronorbits of the Landau quantization

become narrowerzT.This maylead to an increase in smallanglescatteringand to a decrease in the

quantum scatteringtime. This dependenceofl:qon the magneticfield is consistentwith the

results obtainedby Fang et al.2:for an A10.a_Gao.67As/CraAsHEMT structure. Because of the high

mobilityofthe carders in their structure, SdH oscillationswere observed at the lower magnetic

fields. They derivea value for "Cqfrom the slope ofthe magneticfielddependenceof the magneto-

resistance oscillationamplitude(the so calledDingleplot) for a magneticfieldrange of.7T-5T.

The slope being proportional to l/l:q. From their experimentaldata (see their Figure 4), it is clear

" that there is a shift in the slope as the magneticfieldis increasedbeyond approximately1.4T. The

slope of the curve at the lower magneticfieldrange is smaller,correspondingto a larger quantum

scatteringtime compared to the scatteringtime at highermagneticfields.

Finally,we should point out that our structure differsfrom an unconfineddelta-doped

GaAs layerwhere the quantizationoccurs only due to the electrostaticpotential associated with

the heavy doping29.3°.In our structure, the carriersare physicallyconfinedin two dimensionsby

the AIGaAs/GaAs/AIGaAs heterostructure. This confinementof the carders mayprevent the
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charge transportfrom beingcompletelyisotropicand independentof the scatteringangle. The

scatteringtaking place in this sampleis also differentfrom what is observed in typicalHEMT

structures. In a I-IEMTstructure, the dominant scatteringmechanismis generallya long range

potential that produces predominantlysmallangle scattering. In that case, the transport scattering

timeis larger than the quantumscatteringtime by a factor of 10 or more3t.

V. Conclusion

The transport properties of channel delta-dopedquantumwell structureswere

characterizedusing conventionalHall effectand light-modulatedSdH effect measurements. The

large numberof carriersthat become availabledue to the delta-dopingof the channelresult in an

apparent degeneracy in the charge density. This degeneracyleads to a temperature independence

of both the cartier mobilityand the carrier concentration. Sincethe carriersare located in the

same channelregion as the dopants, the carrier mobilitywas low due to a large amount of ionized

impurityscattering. This restrictedthe measurementof the oscillatorymagneto-resistanceused to

characterizethe 2DEG. However, by modulatingthe carriers through illuminationwe were able

to observethe SdH effect oscillationat relativelylow magneticfields,1.4 tesla. Usingthis

technique,we obtain a value for the ratio of the transport and quantumscattering timesthat is

significantlylower than previouslymeasured for similarstructuresusing highermagneticfields.

We attributethe differenceto a localizationof the cyclotronorbits at the highermagneticfields.
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Figure1.--Schematic cross-sectionwithnominaldimensions(notto scale)forsamples.(a)Q13. (b)Q14. (c)Q15.
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Figure2.--Self-consistentsimulationof the energybandstructureof structures.(a)Q13. (b)Q14.(c)Q15.
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